A large number of faint galaxies, born less than a billion years after the Big Bang, have recently been discovered [1] [2] [3] [4] [5] [6] . Fluctuations in the distribution of these galaxies contributed to a scatter in the ionization fraction of cosmic hydrogen on scales of tens of megaparsecs, as observed along the lines of sight to the earliest known quasars [7] [8] [9] . Theoretical simulations predict that the formation of dwarf galaxies should have been suppressed after cosmic hydrogen was reionized [10] [11] [12] [13] , leading to a drop in the cosmic starformation rate 14 . Here we report evidence for this suppression. We show that the post-reionization galaxies that produced most of the ionizing radiation at a redshift z < 5.5 must have had a mass in excess of ,10 10.960.5 solar masses ðM ( Þ or else the aforementioned scatter would have been smaller than observed. This limiting mass is two orders of magnitude larger than the galaxy mass that is thought to have dominated the reionization of cosmic hydrogen (,10 8 M ( ). We predict that future surveys with space-based infrared telescopes will detect a population of smaller galaxies that reionized the Universe at an earlier time, before the epoch of dwarf galaxy suppression.
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The lines of sight towards the earliest known quasars at redshifts z . 6 show a rapid transition in the ionization state of the intergalactic medium (IGM), potentially marking the end of the reionization epoch [15] [16] [17] [18] . It is thought that the dominant source population to have triggered reionization included dwarf galaxies with virial temperatures above the hydrogen cooling threshold ðT vir < 10 4 KÞ. The re-ionization of cosmic hydrogen resulted in heating of the IGM to ,10 4 K, which drastically increased the minimum virial temperature of new galaxies 12, 13 to a value as high as T vir < 10 5 K: Reionization is therefore expected to be followed by a depletion of low-mass galaxies and hence a decrease in the global star-formation rate 14 . The detection of this anticipated suppression at z < 6 would provide important evidence for a late reionization epoch.
In addition to luminous quasars, starburst galaxies with starformation rates in excess of ,0.1M ( yr 21 and dark-matter haloes 6 of ,10 9 -10 10 M ( have recently been discovered [1] [2] [3] [4] [5] [6] [19] [20] [21] [22] at z < 5-6. These sources contributed to the ionizing background radiation at the end of the reionization epoch. Luminous Lyman a emitters are routinely identified through continuum dropout and narrow-band imaging techniques 3, 4, 20 . However, to study fainter sources which were potentially responsible for reionization, spectroscopic searches have been undertaken near the critical curves of lensing galaxy clusters [21] [22] [23] , where gravitational magnification enhances the flux sensitivity. A comparison between the findings of these deep surveys and the statistics of bright Lya emitters 22 provides a preliminary hint for the depletion of low-mass galaxies, as expected from galaxy formation in a photo-ionized IGM 12, 13 . However, this inference relies on a comparison between heterogeneous data sets based on different methods of discovery. Figure 1a shows data on the luminosity function of galaxies at z < 5.5-6 from the Hubble Space Telescope Ultra-Deep Field 4 . We first use this data to constrain the physical characteristics of high redshift galaxies (see Supplementary Information 1) . We model starburst galaxies based on a simple prescription for their continuum luminosity 24 combined with the Sheth-Tormen 25 mass function of galaxy haloes. The two free parameters in this model are the starburst lifetime (t lt ) and the mass fraction of virialized baryons which are converted into stars in each galaxy (f star ). Figure 1b shows contours of the joint a posteriori probability distribution d
2 P=dðlog f star Þdðlog t lt Þ (see Supplementary Information 2 for a description). The best-fit luminosity function is plotted over the data in Fig. 1a (blue) with the favoured values of t lt and f star listed. The other contours in Fig. 1b (grey) show the virial temperature corresponding to the lowest luminosity bin, labelled by log 10 ðT vir Þ: The best-fit luminosity function implies that the faintest observed galaxies have a virial temperature ,10 5 K, and that starburst galaxies at z < 6 have duty cycles of t lt =t H < 10% (where t H is the Hubble time), combined with star-formation efficiencies of f star < 10-15%: Interestingly, a duty cycle of t lt =t H < 0:1 corresponds to the dynamical time at the virial overdensity of 200, that is, the time it takes the virialized gas to settle to the centre of a collapsing galaxy. For the purpose of understanding the process of galaxy formation at high redshifts and the way it shapes reionization, it is crucial to know whether star formation was suppressed in dwarf galaxies near the hydrogen-cooling threshold. With a virial temperature of T vir < 10 4 K; these galaxies had a total (halo) mass of ,10
8 M ( at z < 6. Unfortunately, present detection limits are insufficient to probe the existence of such galaxies.
We overcome the limitation of direct detection of faint galaxies by making use of the fact that the absorption spectra of high-redshift quasars reveal large fluctuations in the IGM ionization state on very large scales [7] [8] [9] 17 (tens to hundreds of megaparsecs). While observations of the galaxy luminosity function are flux-limited, the fluctuations in the ionizing background are sensitive to contributions from galaxies of all luminosities. A measurement of the fluctuations in the ionizing background therefore provides a powerful probe of the properties of the galaxies generating the ionizing background radiation at the end of the reionization era, even if those galaxies themselves lie below current detection limits. The background fluctuations can be inferred from observed fluctuations in the effective Lya optical depth, t eff :
Fan et al. 9 have measured average values for the effective optical depths of t eff ¼ 2.5, 2.6, 3.2 and 4.0, within redshift bins of width Dz ¼ 0.15 at z ¼ 5.25, 5.45, 5.65 and 5.85, respectively. At these redshifts the scatter in t eff among the different lines of sight is j t ¼ 0.5, 0.6, 0.8 and 0.8, respectively. The dominant uncertainty in individual estimates of t eff is the level of unabsorbed quasar continuum, which introduces noise 9 in t eff of^0.05. This observational uncertainty must be subtracted (in quadrature) from j t to obtain an estimate of the intrinsic scatter in t eff . . Here we have corrected the frequencyaveraged ionization cross-section for a spectrum corresponding to a star-forming galaxy 26 . At the highest redshift under consideration, some lines of sight contain blank absorption troughs, making their estimated value of t eff a lower limit. At z < 5.85 there is no measured lower limit for R mfp , and so we conservatively set it to 3 Mpc (below the typical value at z < 6).
We have calculated the predicted scatter in t eff from a combination of cosmic variance among different regions and Poisson noise in the number of ionizing sources, based on an extension of a detailed model published elsewhere 27 . A description of this model is provided in Supplementary Information 3, and only a summary of its main features is given here. Fluctuations in both the ionizing background intensity J and the density field around their mean values, contribute to fluctuations in t eff . Within our model, the ionizing background is smoothed on the scale R mfp , because any given point in the IGM is exposed to all sources within a volume V mfp ¼ ð4p=3ÞR 3 mfp around it. The model combines four major sources of fluctuations: (1) Poisson noise in the number of sources contained within a volume V mfp . (2) Fluctuations in the value of J within volumes of V mfp resulting from delayed (or enhanced) structure formation in underdense (overdense) regions 28 . In evaluating this quantity we include two contributions to the derivative dJ=dz arising from the evolution of the star-formation rate (which at first we take to be proportional to the derivative of the mass fraction of baryons that were assembled into galaxies) and the evolution of R mfp . (3) Fluctuations in Lya transmission due to fluctuations in the density contrast smoothed on the scale R mfp . (4) Fluctuations in the transmission due to small-scale density fluctuations along the line of sight through a region with constant J. These latter fluctuations are computed on the basis of the results of numerical simulations 29 . We have compared the predictions of the above model with observational data as a function of the lifetime t lt and the minimum virial temperature T min of the lowest-mass galaxies that make a major contribution to the ionizing background. Contours of the resulting distribution d
2 P=dðlog t lt Þdðlog T min Þ (see Supplementary Information 4 for details) evaluated at z < 5.45 (blue contours) and z < 5.65 (red contours) are plotted in Fig. 1c . The corresponding marginalized differential probability distributions dP=dðlog T min Þ are plotted in Fig. 1d (solid blue and red lines) . In addition we plot dP=dðlog T min Þ at z < 5.25 (dashed blue line) and z < 5.85 (dashed red line) in Fig. 1d . Intriguingly, the results at z & 5:65 favour T min * 10 5 K; while results at z < 5.85 favour T min < 10 4 -10 5 K; though we note that j t ðz ¼ 5:85Þ is a lower limit. This trend is expected if reionization completed at z < 6-7. Indeed, the mini-haloes ðT vir , 10 4 KÞ that provide the collapsed gas reservoir for star formation in galaxies above the hydrogen-cooling threshold are thought to be photo-evaporated 30 on a timescale of ,0.2t H , which corresponds to Dz < 1. Thus, if reionization completed at z < 6.5-7, we would only expect to observe the strong effect of dwarf galaxy suppression at z & 5.5-6.
We also plot the combined differential and cumulative distributions using data from the three redshift bins below z < 5.75 (black lines), and find values of T min < 10 5:5^0:3 K (68%), with T min & 10 4 K ruled out at a (statistical) confidence level of .99%. The above constraints have conservatively assumed a prior probability distribution for T min that extends down to T min ¼ 10 3 K: On the other hand, the ratio between the probabilities of having 10 4 K , T min , 10 5 K and 10 5 K , T min , 10 6 K is independent of any assumed lower cut-off. We find this ratio to be ,0.05. A limiting virial temperature of T min * 10 5 K is an order of magnitude above the threshold for star formation triggered by atomic hydrogen cooling. However, T min * 10 5 K is consistent with galaxy formation in an IGM that was heated by ultraviolet photo-ionization at a higher redshift, thus preventing starbursts in low-mass galaxies from dominating the global star-formation rate by z < 5.5.
Our analysis so far has assumed for simplicity that the starformation rate is proportional to the derivative of the collapsed fraction in haloes with T vir . T min : However, starburst episodes are believed to be triggered by galaxy mergers. We have therefore repeated the above calculation, replacing the derivative of the collapsed fraction with a star-formation model 14 that includes the contribution from mergers of haloes with an initial T vir , T min (leading to T vir . T min after the merger) and the contribution from mergers of galaxies with an initial T vir . T min (see Supplementary  Information 5 for details) . The results are shown in Supplementary  Fig. 1 . This alternative estimate of the star-formation rate also leads to a preferred value of T min < 10 5:5^0:3 K; with T min * 10 4 K at the *99% confidence level.
In the local Universe, star formation within galaxies with stellar . For comparison, the grey contours show the virial temperature of haloes-labelled using log 10 (T vir )-corresponding to the lowest-luminosity bin in the Hubble Ultra-Deep Field. c, The joint probability distributions for log(t lt /t H ) and log(T min ), which include the constraint on t lt /t H from the galaxy luminosity function. The contours represent values at 64, 26 and 14% of the maximum likelihood, and are shown for observations at z < 5.45 (blue contours) and z < 5.65 (red contours). This distribution includes constraints on t lt from the galaxy luminosity function. However, assuming the most likely value of R mfp , we find that T min * 10 5 K at z & 5:5 in all cases where the duty cycle of the ultraviolet-bright phase of galaxies is greater than 1% (corresponding to the lifetime of massive stars). d, Differential probability distributions for log(T min ) at z < 5.25 (dashed blue lines), z < 5.45 (blue lines), z < 5.65 (red lines) and z < 5.85 (dashed red lines). We also show combined constraints using the three lowest-redshift bins (black lines). For comparison, the upper axis shows the corresponding masses at z ¼ 5.5. In this case the solid and dotted lines correspond to differential and cumulative distributions. Throughout this Letter, we adopt the latest values for the cosmological parameters as inferred from the Wilkinson Microwave Anisotropy Probe data 33 . masses below ,10 10 M ( is suppressed as a result of supernovadriven winds which expel gas from their shallow potential wells 31, 32 . At high redshifts the lifetime of massive stars could be comparable to the halo dynamical time and this feedback may not operate as effectively. Nevertheless, it is important to explore the effect of such a feedback on fluctuations in the ionizing background and hence on our conclusions regarding the suppression of dwarf galaxy formation in the reionized IGM. We have repeated our analysis of the galaxy luminosity function, with an allowance for a suppression of star formation in galaxies below a critical mass (which is treated as a free parameter). Details of the required modifications and the results are described in Supplementary Information 6 and Supplementary  Fig. 2 . Allowing for feedback in high-redshift galaxies leads to estimates of f star < 0:5; with a duty cycle that is larger than t lt =t H < 0:5: The best-fit value for the critical mass scale below which supernovae feedback operates is ,2 £ 10 10 M ( , or T vir < 10 5 K: Estimates of the scatter in the ionizing background due to Poisson noise in the number of galaxies and due to fluctuations in the starformation rate as a result of delayed or enhanced structure formation must also be modified to account for possible supernova feedback. We find that if supernova feedback operates at high redshift in the same way as observed at low redshift, then the most likely value is T min < 10 4 K is ruled out at the *95% level. Note that the critical mass scales derived for supernovae feedback and M min are similar, although they were derived from different data sets and astrophysical considerations. However, our results imply that a sharp cut-off due to reionization is required to explain the observed scatter in the effective optical depth of the IGM, in addition to any suppression resulting from supernovae feedback.
The observed star-formation rate in the post-reionization era is on the borderline of being sufficient to reionize the Universe 4 . The value of T min * 10 5 K at z < 5.5 happens to describe the faintest galaxies in the Hubble Ultra-Deep Field. We therefore predict that star formation is suppressed in galaxies just below the current limit of galaxy surveys at z < 6. Future searches at higher redshifts with the James Webb Space Telescope or large-aperture ground-based infrared telescopes should find a population of galaxies with T vir < 10 4 K and detect an enhanced star-formation rate prior to completion of reionization 14 .
